The paper presents an ongoing investigation of the cyclic performance of steel coupling beams in hybrid coupled core wall systems. Coupled core wall systems offer remarkable lateral strength and stiffness, and taking advantage of the favorable cyclic behavior of steel coupling beams makes the best use of all materials employed. Moreover, the inherent characteristics of the systems considered are ideal for an application of performance-based design approaches. Preliminary results are discussed from the standpoint of seismic performance, demonstrating the advantages of steel coupling beams and innovative details of coupling beams, conceived with reparability in mind, are presented. The design of a prototype structure is discussed, and a two-phase experimental campaign is described. It is anticipated that a hybrid, pseudo-dynamic analysis of the coupled core wall systems considered will show that the use of steel coupling beams in a performance-based design framework can deliver economical and safe structures with remarkable strength, stiffness, and ductility.
INTRODUCTION
Coupled core wall systems are used with increasing frequency in mid-to high-rise residential, office, and hotel structures, combining concrete flat plate floor systems with reinforced concrete wall lateral force resisting systems, with coupling beams connecting the individual wall piers, creating a frame-like lateral force resisting system. This structural system has the advantage of limiting floor-to-floor heights, and of providing larger lateral stiffness and resistance than what would be achieved by using isolated wall piers. The presence of properly detailed coupling beams, that traditionally are diagonally-reinforced concrete beams, causes the overturning moment resisting mechanism to change from flexural action of the wall piers alone to a combination of flexural action and the action of a tension/compression couple developing in the wall piers. As a result, a coupled core wall system provides the structure with exceptional lateral stiffness, and can be detailed so that strength and ductility can be also maximized. As a consequence of this overturning moment resisting mechanism, the wall piers are subject to large axial forces that result from the beam shears developing due to the rotational restraints at the beam-wall interface. This behavior is further complicated by structural irregularities and in situations where the contribution of higher modal responses is important. For optimum performance, coupling beams must be adequately strong and stiff, behave in a ductile manner, and exhibit significant energy absorbing characteristics. Additionally, wall piers need to be designed to ensure plastic hinge formation in most of the coupling beams over the height of the structure, followed by plasticization of the base of each wall pier. Limitations of the current design codes [Fortney et al. 2007a ] and lack of a sufficient knowledge base for cases most commonly encountered in practice effectively limit a more widespread use of coupled wall systems despite their structural and architectural advantages.
Hybrid coupled core wall systems are an attractive alternative to traditional reinforcedconcrete coupled core wall systems, which offer enhanced lateral stiffness, with the added advantages of more stable hysteretic behavior, larger ductility, and the potential for ease of reparability. The use of a steel coupling beam to transfer forces between wall piers has been investigated in the past [Fortney et al. 2007a,b; Harries et al. 1992 and 1997; Shahrooz at al. 1992 and 1993; Shahrooz and Gong 1998 ]. Large-scale experiments have shown that a properly detailed steel coupling beam will offer a higher peak-to-peak stiffness, and a larger amount of dissipated energy when compared to traditional diagonally-reinforced concrete coupling beams [Fortney et al. 2007a ]. The expected postelastic behavior of a hybrid coupled core wall system is similar to that of traditionally reinforced-concrete coupled core wall systems: plastic hinges, in shear or flexure, are supposed to form along the height of the building, followed by yielding of the base of each of the wall piers.
One aspect that has been mostly overlooked in the development of traditional coupling beam codes and detailing rules is the post-event reparability of the structure, which has a considerable impact on owner's costs, both in terms of insurance and of potential loss of revenue. Hybrid coupled core wall systems are the ideal structural typology for developing reparable, damage tolerant lateral resisting structures, which can be successfully employed in mid-to high-rise buildings in seismic areas. This paper presents an ongoing study focused on the development of steel coupling beams to be used in hybrid coupled core wall systems, which offer superior stiffness, strength, ductility, and energy absorbing characteristics, and are additionally easily reparable. The experimental and analytical program planned for this study is described first, followed by a description of the test specimens, with an in-depth discussion of the design philosophy envisioned for these innovative coupling beams. Some conclusions are drawn, and the future direction of research is briefly discussed.
PRELIMINARY WORK
The following discussion presents recommendations and experimental data resulting from work conducted at the University of Cincinnati [Fortney et al. 2007a, b] . The relationship between the moment and shear is according to ANSI/AISC 341-05, Sect. 15.3, and is given in Equation (1), where, l is the clear span of the beam, M P is the plastic moment capacity of the beam and, V P is the plastic shear capacity of the beam. This relationship is based on the provisions for the spacing of intermediate web stiffeners based on maximum expected beam rotations. Equation (1) is applicable for rotations smaller or equal to 0.08 radians.
The required plastic section modulus, Z x , is determined both for the plastic moment and for the relationship given above. The beam is then sized to ensure that the provided plastic section modulus was equal to or greater than the largest required plastic section modulus.
Shear Capacity: The thickness of the web is checked to ensure that the thickness satisfies both the required plastic section modulus and the required plastic shear capacity. Web Stiffeners are designed according to Sect. 15.3 of ANSI/AISC 341-05.
Embedment Length: The length of embedment of the beam into the shear wall is established based on laboratory tests conducted by Harries, Gong, and Shahrooz [2001a, b] . The embedment length is determined by Equation (2):
where, V U is taken as 1.5V P and, L E is the embedment length into the shear wall.
Fuse Link: The fuse is designed to have the same overall dimensions as that of the main section. Web shear yielding is the desired failure mechanism for the fuse. To assure web shear yielding in the fuse, the plastic moment capacity of the fuse is set to be greater than or equal to the plastic moment capacity of the main beam. The plastic shear capacity of the fuse is set to be equal to 70% of the plastic shear capacity of the main beam. This is done to assure that the yielding occurs in the fuse without damaging the components of the main beams or their connections to the fuse. The maximum length of the fuse is controlled by the required size of the splice plates. The fuse must be long enough to accept the splice plates and also allow for a web area between two stiffener plates with an aspect ratio less than or equal to 4.0. Figure 1 illustrates the required length of the fuse. Flange and Web Splice Plates: The flange and web splice plates are sized to assure that the moment of inertia of the splice is greater than or equal to the moment of inertia of the main beam. The connection of the main beam to the fuse is designed to be a slip critical connection. The size, spacing, and required pretension force of the bolts at the flange and web splices are determined per the AISC Specifications. The SCB and FCB coupling beams are designed based on past recommendations as discussed in the Introduction to this paper.
Test results of a SCB specimen are then compared and contrasted to the results of a steel coupling beam fitted with a central fuse (FCB). To evaluate the feasibility of fuse replacement, two different fuses were tested. The first fuse coupling beam (FCB-2) utilized a fuse with a shear capacity of 50% of that of the main sections (see Figure 1) . The test protocol of FCB-2 was to load up to a point where the fuse sufficiently yielded while the main sections remained elastic. At this point, the loading was stopped, and the damaged fuse was replaced with a new fuse (FCB-1) which had a shear capacity of 70% of the main sections. Upon replacing the fuse, testing recommenced from the beginning and continued until failure.
The target beam shear for both specimens was taken as 534kN which is assumed to approximate the maximum design shear for a practical CCW system. Since the shear capacities of the FCB-2 fuse and the FCB-1 fuse was taken as 50% and 70%, respectively of the outer sections, the target shear capacities of the FCB-2 and FCB-1 fuses were 267kN and 374kN , respectively. The beams had a clear span equal to 914mm, a flange width of 127mm, and a depth of 356mm. The reinforcement used in the wall piers was the same for both specimens. The specified material strengths used for design of the specimens was also the same for all specimens. Grade 60 steel (F y =414MPa) was used for all reinforcing bars, the specified strength of the concrete was 35MPa, and the steel plate material used to fabricate the built-up I-shape coupling beams was A36 steel (F y =248MPa).
Steel Coupling Beam (SCB) Design: The SCB specimen was designed and detailed following the design methodology as described in [Fortney et al. 2007a ]. Since rolled Ishapes rarely have the required cross-sectional properties needed, a built-up I-shape was designed using A36 steel plate material (F y =248MPa) with the following dimensions: t f =25.4mm, b f =127mm, t w =12mm and an overall height, d=356mm. The calculated shear capacity, V p , of the SCB, using measured material strengths, is 578kN. The embedment length was determined based on recommendations by [Gong and Shahrooz 2001a] . Taking V u to be equal to the calculated probable shear strength of 578kN, the required embedment length was determined to be 775mm. As recommended by past research [Gong and Shahrooz 2001a,b] , face-bearing plates and auxiliary transfer bars were incorporated along the embedded regions of the beam. Further details of the SCB specimen can be found in [Fortney 2005 ].
Fuse Coupling Beam (FCB) Design: The main sections of the FCB and their embedment length into the wall piers were designed similarly to those of the SCB. Thus, the main sections are the same as the section designed for the SCB and so is the embedment length into the wall piers. The main-fuse connection is designed as slip-critical, and the web and flange splice connections are designed to transfer the shear and moment calculated at the location of the splice.
The design procedure for the fuse section is relatively straightforward. The top and bottom flanges are designed to be the same size as that of the main sections. Thus, the flanges of both fuses had b f =127mm and t f =25.4mm. The overall height of the beam was the same (h=256mm). The only section dimension needed is the value of t w . Since h=256mm anddesign of the flange and web splice plates, the flange splice plates were assumed be the same size as the flanges of the main section. Hence, t fsp =25.4mm and b fsp =127mm. To ensure that the splice connection can transfer at least a shear force equal to the shear capacity of the main section (V p =692kN), the web splice plates (one on each side of the web) were assumed to have the same thickness as the main section web thickness, and the height of the web splice plates was sized to ensure clearance of the weld root. Clearances between the top and bottom edges of the web splice plate and the flanges of the beam were taken as 25mm. Hence, t wsp =12mm and h wsp =d-25mm=305mm-50mm=255mm. A check was then performed to ensure that I sp ≥I main section . Further details of the SCB specimen can be found in [Fortney 2005 ].
The design shear for the connection is 534kN and each bolt is in double shear. The design was based on 25.4mm diameter A490X bolts. In order to minimize the number of required bolts, a mean slip coefficient equal to 0.33 was assumed. The design moment at the end of the beam is 244kN-m. The same size bolts used for the web splice plates were used to transfer the total flange force developed at the location of the flange splice plates. Assuming that two rows of bolts are required and that the length of the fuse must be at least 356mm long to allow room for the splice plates, the splice was located 191mm from the point of zero moment (at midspan of the beam). The flange splice bolts were in single shear and therefore have a capacity equal to half of that calculated for the web splice plate bolts (the same size bolts are assumed).
The spacing of the bolts is determined based on minimum distances required for entering and tightening. Bolt bearing and block shear were not considered. This decision is considered to be reasonable considering that for bolt bearing or block shear to occur, the connection must slip. If slipping occurs, the intended behavior of the beam will not be achieved. Furthermore, connection slip would have to occur at a majority of the floor levels before significant changes in global response are seen; that is to say that there is appreciable redundancy built in to the system. Additionally, allowances are made for filler plates at the web splices between the web of the fuse and the web splice plate to make up for the difference in the web thicknesses of the main and fuse sections. The same connections are used for both of the fuse beam tests. However, due to the difference in the web thicknesses between the 50% and 70% fuses, the thickness of the filler plates are different. .2 prescribes limits of acceptability for strength degradation and total deformation: specifically, it is stated that member deformations shall not exceed either 2/3 of the deformation that results in loss of ability to carry dead loads, or 2/3 of the deformation corresponding to deterioration of member strength to less than 2/3 of its peak value. The hysteretic responses of the two steel beams were experimentallymeasured and then evaluated against the ASCE/SEI 7-05 acceptance criteria. Figures 2  and 3 show the hysteretic performance of the SCB and FCB, respectively; the acceptable limits are shown in the figures as dashed lines. Beam SCB is still above 67% of the peak force at 11% chord rotation. Therefore, the acceptance criteria is measured based on deformation capacity. As can be seen in Figure 2 , an acceptable rotational demand, based on ASCE 7-05, is 7.33% chord rotation. Similarly, the acceptable chord rotation demand for the FCB, as seen in Figure 3 , is 7.33%. From a performance perspective, although their hysteretic behaviors appear qualitatively different, both the SCB and FCB beam types provide a similar deformation capacity, and it is reasonably concluded that providing a fuse segment in a steel coupling beam has no negative effect on deformation capacity, and has the added advantage of ease of repair.
RESEARCH PROGRAM AND TEST SETUP
The primary objectives of the experimental program are (a) to generate the fundamental data needed for developing novel coupling beam details, (b) to compare and evaluate the performance of several promising concepts, (c) to develop in situ assessment techniques of post-event reparability of coupled walls with innovative coupling beams, and (d) to identify the most promising detail that will be further examined through hybrid testing, allowing realistic loading histories, as well as addressing higher mode effects, outrigger action of out-of-plane members, and other 3D effects. The research program consists of experimental and analytical endeavors that will culminate into the hybrid testing of a realistic prototype structure. The experimental sub-assemblages will be extracted from the prototype structure, in which coupled walls are the sole lateral force resisting system.
PROTOTYPE STRUCTURE
The prototype structure designed is a 20-story building with 2.75 m (9 ft) interstory height, a 30.5m x 30.5m (100x100ft), 18cm (7 in.) thick post-tensioned floor plate. The core wall system consists of a 61cm (24 in.) thick reinforced concrete wall, and steel coupling beams, with I-shaped cross section, designed using the equivalent lateral force (ELF) procedure. The design parameters for the prototype structure are: a short period spectral ordinate of 1.5g, a 1-second period spectral ordinate of 0.6g, corresponding to design values of 1.0g and 0. The steel coupling beams used in the prototype structure are designed for a degree of coupling of 76% (including effects of accidental torsion) and of 71% (excluding effects of accidental torsion). The degree of coupling is defined as the ratio between the total overturning moment resisted by frame action and the total overturning moment ]: The distribution of design shear demand and capacity is provided in Figure 4 . Note that the design shear demand distribution excluding the effects of torsion is provided to illustrate the demand distribution used to compute the wall overstrength factor. The wall piers were designed including a wall overstrength factor, in order to ensure yielding of the coupling beams preliminary to the formation of plastic hinges at the base of the wall piers. Refer to [Fortney et al. 2007a,b] and [Harries and McNeice 2006] for further information regarding wall overstrength factors.
The experimental substructures are hypothetically extracted from the prototype structure at any of the floors from 5 to 8, corresponding to the largest predicted beam shear demand. The substructures consist of ¾ scale specimens, which include an interstory length of each of the wall piers and one coupling beam, with span-to-depth ratio between 2.5 and 3. The experimental testing configuration is shown in Figure 5 , as installed on the testing rig. Each of the wall piers is allowed three in-plane degrees of freedom (horizontal and vertical displacement and in-plane rotation) that are independent of the degrees of freedom of the other wall pier. This configuration allows for the most general situations to be simulated, including different rotations of the two wall piers (due to differences in flexural stiffness induced by the presence of tensile/compressive axial forces), axial restraint, or lack thereof. The experimental substructures will be subject in a first series of tests to a quasistatic cyclic reversal relative vertical displacement history, as obtained from Appendix S of the AISC Seismic Provisions [ANSI/AISC 2005a] . Three different configurations of the test specimens will be considered, designed with the common goals of (a) providing adequate strength, stiffness, ductility, and energy absorption capacity to perform during a seismic event according to the pre-set performance objectives, (b) minimizing costly post-event repairs by allowing replacement of damaged coupling beams without the need for expensive wall pier repair, and (c) reducing construction difficulties associated with traditional diagonally reinforced concrete coupling beams.
Type 1 coupling beam: Figure 6 shows a detail of Type 1 fuse steel beam, similar to specimens FCB-1 and -2 tested in the preliminary phase. The main built-up steel beam is embedded into the wall piers, as per the design procedure discussed above, and a built-up fuse section is bolted near the midspan, using slip-critical details and filler plates. Stiffener plates are employed in a similar way to FCB-1 and -2 specimens, as discussed above. The main detailing differences involve the weld detail of the built-up section of the fuse, which is specified as a demand-critical [ANSI/AISC 2005a] complete joint penetration weld, as opposed to the fillet welds used in the FCB specimens. The fuse employed in Type 1 coupling beams is in fact subject to very large strain demands, because the entire plastic deformations to attain the chord rotation required of the coupling beam are to be concentrated within the length of the fuse section. These demands subject the welds between web and flanges of the fuse to very large combined shear and flexural stresses that ultimately caused failure of the FCB-1 and -2 specimens. A properly detailed weld, with attention to the welding procedure and the choice of electrodes, is expected to be able to withstand these demands, thereby allowing the fuse to develop its full capacity, both in terms of strength and ductility. A potential issue with this detail, which was not observed in FCB-1 and -2 tests due to the premature failure of the welds, is the damaging of the connection area of the steel beam sections that are connected to the fuse. While this does not preclude a safe and satisfactory response of the coupling beam, it may create difficulties during the replacement of the fuse section, thereby invalidating the fundamental idea of ease of repair. In order to prevent this issue, two more details have been devised, that are described in the following. Note that the extra holes shown in the detail drawing for Type 1 coupling beam are not part of the currently described detail, but will be used for Type 2 details. Type 2 coupling beam: this detail employs two back-to-back stiffened channel profiles that are bolted to the steel beams embedded in the wall piers (Figure 7) . The mechanical properties of the channels are chosen so that flexural continuity is maintained along the length of the coupling beam, while shear capacity is decreased according to the desired yielding level and performance of the fuse. The connections are detailed as slip critical, and only take place on the webs of the profiles involved. In this detail, there are no flange connections between fuse and embedded sections. If on one hand this renders maintaining flexural continuity slightly more challenging, it limits the localized demands on the flanges of the embedded beams, thereby reducing the risk of undesired damage outside of the fuse elements. Also, the midspan area of the beam is characterized by lower levels of bending moment, reducing the transfer demands. Moreover, the slip critical connection on the web, which virtually doubles the thickness of the web in the connection area, eliminates the need for stiffeners, thereby reducing the fabrication costs. As for the case of Type 1 connection, bearing and tear-out are not a consideration, because slip is to be considered an ultimate limit state, not a service limit state. The back-to-back channels are laced together at midspan, so as to force the two profiles to behave as one in terms of local and lateral stability: notice that the lacing plates are bolted to the channels, instead of the more common welding approach. This is due to the ultimate goal of ease of repair for these details: a bolted connection allows for an easy replacement of any of the damaged components. Figure 8 , and dubbed Type 3 was devised, with the flexural continuity of the coupling beam in mind, and building on the vast number of applications in literature of extended end plate beam-to-column connections. In this case, the bolted connections are not located directly on either the fuse or the embedded sections, but rather they connect complete joint penetration-welded extended plates at the end of the sections. The main difference from the previous two details is in this case that all fasteners are acting in tension, as opposed to shear. This takes advantage of the higher capacity and better reliability of fasteners in tension [Moore 2007] and allows for a more straightforward installation process. The extended part of the end plates above the coupling beam is considered to be inconsequential with respect to construction issues, since it would be embedded in a concrete floor slab, if needed. The part under the beam does not create any conflict. The detail in Figure 8 does not include stiffening haunches of the end plates, due to the lower amounts of bending moment in the fuse region, but they could be provided with some additional fabrication cost. One remark that needs be heeded is that the extending plate below the bottom flange of the coupling beam might create a conflict with elevator systems and other hardware in the case of low floor-to-floor height. As anticipated, these three designs have been devised based on the preliminary results, giving for granted satisfactory strength, stiffness, and ductility characteristics, and focusing on the reparability of the structure. This would also imply that little to no damage is to be suffered by the wall piers, thereby assuring an elastic rebound of the structure to its original undeformed configuration once the damaged fuses are removed from the system. Two sets of tests will be performed on these specimens. A first series of tests will serve as a proof-of-concept, will demonstrate the strength, stiffness, and ductility behavior of the sub-assemblages, and will help in identifying the most promising configuration for the second phase of testing, which will involve a hybrid, pseudo-dynamic analysis [Takanashi 1975; Takanashi and Nakashima 1987; Mahin et al. 1989; Shing et al. 1994; Shing et al. 1996; Mosqueda et al. 2004 ] of the prototype structure subject to a reference earthquake. Hybrid testing consists of a real-time exchange of information between an experimental substructure and a numerical substructure, integrated together by a pseudo-dynamic engine.
The numerical substructure will simulate the wall pier behavior, all masses in the system, the response and contribution of the gravity and outrigger frames, both in plane and out of plane. Considering the distribution of demands in the coupling beams shown in Figure 4 , the experimental substructure will account for the behavior of coupling beams in floors 5 through 8, while all other less stressed coupling beams will be simulated analytically. The interface between the numerical and experimental substructures is represented by six degrees of freedom at the two ends of the coupling beam. Through a transformation matrix ([T]), the deformations ({D}) applied by the two Universal Loading Modules (ULMs) will be related to the coupling beam deformation requests computed by the analytical engine ({d}). As part of this process, the transformation matrix will also correct for similitude ratios between the approximately ¾-scale experimental substructures and the actual prototype structure simulated in the analytical engine. The forces measured by the ULMs are related to the restoring forces at the ends of the coupling beam through another transformation matrix. Using substructuring techniques, these forces will be combined with restoring forces from the analytical substructure of the remaining portion of the coupled wall structure. As a result, the target displacements for each successive time increment will be determined, and the testing protocol will incorporate displacements that are expected in a full-scale structure subjected to a suite of realistic ground motions. It should be noted that the wall pier segments in the test specimens are intended only to provide proper boundary conditions for state of stress, rebar anchorage, etc. The measured restoring forces will include the effects of connection flexibility around the beam-wall connection, and these effects will not have to be simulated in the analytical engine.
This arrangement eliminates one of the main shortcomings of previous tests, i.e., coupling beams were subjected only to double curvature with the inflection point fixed at the midspan. Using a 3-D analytical substructure, another shortcoming of previous tests, namely omission of the 3-D effects, will also be addressed. For instance, it will be possible to incorporate the effects of variations in the wall piers axial forces due to frame action and outrigger action of the out-of-plane frames and/or walls in the displacement request to the experimental coupling even though the test specimen is 2-D. The 3-D modeling will also allow a more refined simulation of the floor diaphragms, the stiffness of which can affect the amount of axial force in the coupling beams. The difference between the two phases of testing is important, because in the first phase the coupling beam is always in double curvature, subject to a near-constant shear force along its length, paired with a linear distribution of bending moment, having zero value near the midspan of the beam. In the second phase, on the other hand, the test setup, paired with the results coming from an analytical engine in real time, will allow for realistic demands to be applied at the ends of the coupling beam, corresponding to combinations of relative vertical, horizontal, and rotational displacements, which have not been applied in the past in the laboratory to a coupling beam subassemblage.
CONCLUSIONS AND FUTURE RESEARCH
This paper discusses innovative applications of steel coupling beams for hybrid coupled core wall systems. Results in literature prove that steel coupling beams provide excellent strength, stiffness, and ductility response characteristics, when properly detailed. Based on experimental results obtained at the University of Cincinnati, it is concluded that, from a performance standpoint, there are no differences between the overall response of a traditional steel coupling beam and that of a steel coupling beam in which a fuse member has been installed, in order to focus all inelastic phenomena in a replaceable member. Although the hysteretic responses of the two typologies are qualitatively quite different, it is maintained that the strength, stiffness, and ductility performances are satisfactory in both cases.
Furthermore, this paper presents and discusses a set of three different innovative details for the application of the fuse concept to steel coupling beams, in the framework of an ongoing experimental and analytical research project. The main goal of this project is to obtain data as to the actual behavior of coupling beams when subject to realistic deformation demands, as part of a 20-story prototype structure. It is expected that the replaceable fuse details presented will perform satisfactorily under standardized cyclic reversal loading histories, as well as when subjected to a suite of earthquake records as part of a three-dimensional structure, accounting for realistic deformation demands.
